Abstract Reactivity studies of clusters that contain the MFe 3 S 4 cores (M p Mo, V) with catecholate, multicarboxylate (or DMF) ligands coordinated to the Mo (or V) atoms, and Cl ligands coordinated to the Fe atoms have been carried out. These studies show the M/Fe/S single cubane clusters to be effective catalysts in the reduction of nitrogenase substrates such as hydrazine, acetylene and protons to give ammonia, ethylene and dihydrogen respectively. The same molecules do not activate or catalyze the reduction of dinitrogen. The results indicate that the observed catalyses are occurring at the Mo (V) sites by a process that, in the case of hydrazine, involves substrate protonation prior to reduction. The facile catalytic reduction of hydrazine by clusters that contain coordinatively saturated polycarboxylate-bound Mo atoms is rationalized in terms of a possible protonation/proton delivery function of the coordinated polycarboxylate ligands. The reactivity characteristics of the M/Fe/S clusters (structurally quite similar to the nitrogenase cofactor) have led to the suggestion that the Mo (V) atoms may be involved in the reduction of hydrazine in the later stages of dinitrogen reduction.
Introduction
The commentary by Thorneley and Lowe [1] presents in detail an overview of what is presently known about the structure and function of nitrogenase. Their account also summarizes results of recent independent single-crystal X-ray diffraction studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] of the MoFe proteins of the nitrogenase systems from Clostridium pasteurianum and Azotobacter vinelandii, which have revealed the structures of the "P" clusters and the Fe/Mo/S centers at a molecular level.
The determined structure of the Fe/Mo/S center defines the specific, albeit formidable, task associated with the synthesis of structurally analogous clusters. It also presents a challenge in understanding the mode of substrate activation and reduction. As a result of these recent developments, emphasis in the bioinorganic chemistry of nitrogenase has shifted from the synthesis of speculative models to (a) attempts toward the designed synthesis and isolation of a well-defined (probably metastable) target molecule and (b) reactivity studies of clusters that contain chromophores similar to those found in the nitrogenase cofactor.
In this account we present reactivity studies that were undertaken in our laboratory in an attempt to explore the following important unanswered questions regarding nitrogenase function: (a) Is there a direct involvement of the Mo (or V) atom in catalysis, and does the Fe/M/S center have multiple reaction sites? (b) What is the function of the homocitrate ligand? (c) How important is bi(multi)-metallic activation of substrates in the catalytic process, and is proton transfer coupled with the reduction process? (d) Is the Mo (or V) atom directly involved in the activation (reduction) of N 2 ?
Catalytic studies with synthetic analogs
Various synthetic models for the Fe/Mo/S center in nitrogenase have become available over the years [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , and in each case their constitution and structure were based on the available spectroscopic and analytical information. Of these structures, the ones we have employed in substrate reduction studies contain as a common structural feature the MFe 3 S 4 "cubane" unit (M p Mo, V). In these clusters, the coordination environment around the heteroatom, extending over two coordination shells, is almost identical to that found in Fig. 1 nitrogenase. (Fig. 1) . A structural feature not present in the synthetic MoFe 3 S 4 clusters (Fig. 1B) is the unique Fe 3 (m-S) 3 Fe 3 core found in the nitrogenase cofactor and characterized by three coordinate Fe atoms and short Fe-Fe distances. The trigonal prismatic array of the six iron atoms in this core (Fig. 1A ) may be a site of exceptional reactivity where the initial two-or fourelectron reduction of N 2 takes place (see commentary by Dance [32] ). The reactivity characteristics of the MoFe 3 S 4 clusters and their effectiveness in the catalytic reduction of nitrogenase substrates are partially relevant to nitrogenase function. Comparable relevance is difficult to find in the chemistry of organometallic mononuclear dinitrogen complexes that contain phosphine-type ligands and undergo reduction under severe biologically incompatible conditions (see commentary by Pickett [33] 3 . In the catalysis of acetylene reduction, which was studied in DMF solution, the onset of catalyst precipitation is slower, and the resilience of the catalyst during the reaction can be studied.
The presence of the catalyst [(L)MoFe 3 S 4 Cl 3 (DMF)] has been monitored quantitatively during the course of the catalytic reaction by periodic integration of the characteristic S p 3/2 EPR signal. Within the error of integration, the intensity of the signal does not change, and at the end of the reaction the catalyst can be recovered. The recovered cluster shows the same characteristic EPR spectrum and can be re-used for continuing the reaction. M and 5.00!10 P4 M, respectively. The concentration of the catalyst was scaled accordingly to achieve the indicated ratios. A table with results obtained with more concentrated solutions and data showing the catalytic but much slower N 2 H 4 disproportionation reaction has been deposited with the supplementary material b The NH 3 was quantified by the indophenol method [63] and the N 2 H 4 was quantified with p-(dimethylamino)benzaldehyde [64] . The protocol used in sample collection and treatment prior to analysis is identical to the one described in ref. [35] c The average of n independent experiments is reported where n is the number in parentheses d Analyses for N 2 H 4 were carried out randomly for experiments where the yield of NH 3 indicated less than 100% conversion. In general there was a nitrogen atom balance to 100B5%. The results are included in a The results of the catalytic studies will be summarized with reference to the questions raised previously regarding the function of nitrogenase.
Is there direct involvement of the Mo (or V) atom in catalysis?
The affirmative response to this question is based on various results and observations: (1) The [VFe 3 S 4 ] 2c and [MoFe 3 S 4 ] 3c cores [38] [39] [40] , are effective catalysts [38] [39] [40] in the reduction of hydrazine to ammonia (Table 1 ). In the catalytic reduction of hydrazine by the MFe 3 S 4 cubanes, the heteratoms (Mo, V) rather than the Fe are directly involved in the catalytic process.
The initial encounter of the substrate with the heterometal in the cubane clusters is suggested by the results of synthetic and crystallographic studies that demonstrate coordination of substituted hydrazines to the Mo or V atom in the MFe 3 S 4 cubanes (Fig. 3) 2c clusters with identical terminal ligands on the Fe atoms and similar reduction potentials show a decrease in the relative rate of hydrazine reduction, with a decrease in the number of labile sites at the V atom (Table 1) . The same clusters with identical terminal ligands on the V atom and similar reduction potentials but different terminal ligands on the Fe atoms showed little change in the relative rates of hydrazine reduction. These results taken together strongly suggest the direct involvement of the V atom in substrate activation and reduction. In the alternative V-nitrogenase [42] [43] [44] [45] [46] [47] [48] [49] [50] , which contains a V/Fe/S cofactor structurally similar to the Mo/Fe/S center, reduction of N 2 to ammonia also occurs but is not as effective as that ob- The reaction also shows first-order dependence on proton concentration and zero-order dependence on reductant concentration A study of the reaction at five temperatures indicates a moderate activation energy [E act p 9(1) kcal mol 3c cores are effective catalysts in the reduction of H c to H 2 . This reaction proceeds with first-order dependence on proton concentration and zero-order dependence on reductant concentration. It is inhibited in the presence of hydrazine (Table 3) .
This inhibition suggests that the reduction of protons needs the availability of a coordination site on or near the Mo atom if the latter is indeed the site of hydrazine reduction. The available data on the catalytic reduction of hydrazines acetylene and protons by the 2-cluster (Fig. 4 , Table 4 ). The polycarboxylate ligands, which appear to coordinatively saturate the Mo coordination sphere, promote rather than hinder the catalytic reduction of hydrazine to ammonia (Table 4 ). This enhancement of the rate of substrate reduction we attribute to the ability of the coordinated carboxylate groups to both liberate a coordination site under acidic conditions and concomitantly to serve as "built-in" local H c deliveryagents (Fig. 5 ) (see also the commentary by Pickett [33] ).
How important is bi(multi)-metallic activation of substrates in the catalytic process, and is proton transfer coupled with the reduction process?
Qualitative comparative studies show that the rates of ammonia formation with IV (Fig. 2) as a catalyst were n-cubanes (L p various polycarboxylate ligands). See Table 4 for the numbering scheme much slower than those observed with I, while V (Fig. 2) was totally ineffective as a catalyst. These results indicate that the hydrazine molecule is activated by coordination to only one MoFe 3 S 4 cubane and the addition of an additional equivalent of cubane (which is known to give IV) inhibits the reduction. Moreover, the results suggest that the availability of an uncoordinated NH 2 group (and the lone pair of electrons needed for protonation) is essential for the reduction of N 2 H 4 to ammonia. Additional evidence that the interaction of hydrazine with a single cubane is necessary and sufficient for catalytic reduction is available in studies with phenylhydrazine, PhHNNH 2 . The replacement of the CH 3 CN molecule in Ia by PhHNNH 2 occurs readily. The product (Fig. 3) , which for steric reasons does not interact further with another cubane molecule to form a singly bridged double cubane ( Fig. 2A) , undergoes catalytic reduction to give aniline and ammonia.
That protonation is an important step that precedes reduction is supported by the synthesis and reactivity of the I-N 2 H 5 c cluster. The latter has been isolated and characterized, and upon addition of Co(Cp) 2 (in the absence of a proton source) affords ammonia. Further support for the importance of an initial protonation step is given by observations in the catalytic reduction of hydrazine by the VFe 3 S 4 cubanes. Thus, in the presence of Et 3 NH c , an acid that is not able to protonate hydrazine (Et 3 N.HCl, pK a p 18.3 in CH 3 CN; for N 2 H 5 c , pK a p 16.6 in CH 3 CN; for NH 4 c , pK a p 16.5 in CH 3 CN), the reduction of hydrazine to NH 3 does not occur after a 3-h period, as indicated by ammonia analysis. The reduction of hydrazine of course proceeds readily with lutidinium ion as a source of protons (pK a of 2,6-Lut7HCl in CH 3 CN is approximately 14.1.) This observation, coupled with the fact that protonation of the coordinated hydrazine in the VFe 3 S 4 cubane causes a 300-mV anodic shift in reduction potential, indicates that in the presence of protonated substrate, the V cubane can be reduced readily by Co(Cp) 2 . It appears certain, therefore, that, in hydrazine reduction, binding and protonation of the substrate occurs prior to the reduction of the cubane.
A simple proposed pathway (Fig. 6) for the catalytic reduction of N 2 H 4 to ammonia by the Fe 3 MoS 4 cluster involves an initial protonation step prior to reduction of the coordinated hydrazine molecule.
Is the Mo (or V) atom directly involved in the activation (reduction) of N 2 , and how does the reduction take place?
The results of our studies on the catalytic function of the MFe 3 S 4 cubanes clearly indicate that these molecules do not catalyze the reaction of N 2 . The fact that the isolated Fe/Mo cofactor also is incompetent in the reduction of N 2 [51] suggests that the protein environment is of paramount importance in the binding and activation of N 2 at ambient conditions. Whether the Mo (or V) atoms in the FeMo-co (or FeVa-co) centers are involved in the initial coordination and activation of N 2 remains a possible albeit improbable event.
Inconclusive evidence that may implicate the Mo atom as the site of substrate activation/inhibition in the FeMo-co [51] includes (a) the profound effects in dinitrogen reduction brought about by skeletal alterations in the Mo-bound homocitrate ligand [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] and (b) extended X-ray absorption fine structure (EXAFS) analyses that show that CN -, a nitrogenase inhibitor, binds to the Mo site of the nitrogenase cofactor [62] .
On the basis of all the available data, we consider it very likely that, as suggested by Dance and others [2] [3] [4] [5] [6] [7] [8] [9] , the Fe 3 (m-S) 3 Fe 3 center is the site where the initial two-or four-electron reduction takes place. If this is indeed the case, the question regarding the role of the heterometal (Mo, V) remains unanswered. The sequence of steps as the N 2 molecule eventually undergoes reduction to ammonia generates (or may generate) intermediates with different electronic structures. Indeed, the whole process may involve the reduction of ligands such as N 2 and N 2 H 4 with drastically different coordination properties. It is quite likely that the site in the Fe/Mo/S center that readily binds and activates N 2 has little affinity for the reduction products/intermediates and particularly hydrazine. At some stage therefore it is possible that other sites within the Fe/Mo/S aggregate (Mo?) may assume the role of continuing the reduction process to its conclusion. The results of our studies support a pathway where the reduction of hydrazine (a nitrogenase intermediate?) can take place on the heteroatom site. Similarly "easy" substrates such as acetylene may undergo reduction at the same site (Fig. 7) . The ready reduction of acetylene, but not of dinitrogen, by the isolated cofactor supports the idea of a multisite reactive center.
